Schoolchildren in Nigeria are rarely targeted by micronutrient interventions. We completed a 6-mo, double-blind, placebocontrolled trial to determine the effects of a multi-micronutrient beverage on biochemical and anthropometric indicators of nutritional status among schoolchildren participating in a pilot school feeding program in Nasarawa State, Nigeria. Children received 1 of 2 interventions 5 d/wk during school hours: 1) 250 mL/d of a multi-micronutrient beverage that included vitamin A, iron, and zinc (micronutrient); or 2) an isoenergetic control beverage (control). At baseline, 566 children 5-13 y old were randomized to groups (micronutrient: n = 288; control: n = 278). Height, weight, hemoglobin, and serum concentrations of C-reactive protein, ferritin, retinol, and zinc were measured at baseline and at the end of the study. A total of 270 children in the micronutrient group and 264 children in the control group completed the study. Self-reports of vomiting increased in both groups at 6 mo; however, the prevalence tended to be greater in the micronutrient group (21%) compared to the control group (14%) (P = 0.06). Biochemical changes were greater in the micronutrient group compared to control for serum retinol (0.10 6 0.02 mmol/L vs. 0.02 6 0.02 mmol/L; P = 0.016) and zinc (1.0 6 0.2 mmol/L vs. 0.6 6 0.2 mmol/L; P = 0.031). The intervention did not significantly affect hemoglobin or serum ferritin concentrations. The cost effectiveness of the intervention needs to be further evaluated, as does the efficacy of the beverage on anemia and indicators of iron status.
Introduction
In resource-poor environments, micronutrient deficiencies tend to coexist (1) . In recent years, the global burden of deficiencies in iron, vitamin A, iodine, zinc, and to a lesser extent other micronutrients has received considerable attention and nutrition interventions have been increasingly recognized as central to achieving key millennium development goals (2, 3) . Most attention has been directed to scaling up effective interventions targeting mothers and young children (4); however, other vulnerable population groups, such as school-aged children, may not be reached by these intervention strategies (5, 6) .
Micronutrient malnutrition in schoolchildren has been shown to negatively affect cognitive performance (7) (8) (9) (10) (11) and increase susceptibility to infection (12) (13) (14) (15) , both of which restrict school performance, and undermine national development in the long term (16) . Data are limited, but the prevalence of micronutrient deficiencies among this age group in resource-poor countries is likely to be high, especially within sub-Saharan Africa (17) . In Nigeria, the most populous country in sub-Saharan Africa, the average life expectancy is 48 y, and almost one-half of the population is under 15 y (18) . Mandatory mass fortification of wheat and maize flours, sugar, and vegetable oil with vitamin A has been in place since 2002, and wheat flours are also fortified with electrolytic iron; however, fortification levels are not consistent and coverage is not universal (19, 20) . Although schoolchildren may benefit from eating these mass-fortified foods, only vitamin A and iron are addressed, and wheat and maize flours contain inhibitors of mineral absorption. Moreover, according to the recently revised recommendations for iron fortification of wheat flour, electrolytic iron is not recommended for flour intakes ,150 g/d (21) . Therefore, other, more targeted strategies addressing micronutrient deficiencies among schoolchildren are warranted.
In June 2004, based on an interim report of the Presidential Committee on Dairy Development, the President of the Federal Republic of Nigeria requested and endorsed the implementation of a pilot school-feeding program in Nasarawa State to assess the logistical feasibility and efficacy of distributing multimicronutrient beverages among schoolchildren. To implement the initiative, a partnership was formed between the Nasarawa State government and Tetra Pak West Africa, with support from the Tetra Pak Food for Development Office for local authorities to effectively implement and manage the program. The primary goals were to improve children's nutritional status, school attendance, and school performance. The aims of the present study were to assess the effects of a beverage fortified with multiple micronutrients on biochemical and anthropometric indicators of nutritional status among a group of primary school children participating in the pilot school-feeding program. Cognitive assessments were also carried out; however, there were no effects of the intervention on cognitive abilities. The current paper focuses on the results from the biochemical and anthropometric assessments.
Participants and Methods
Study area and population. The study was carried out from January to August 2007 in 2 government-operated primary schools located in Akanga and Akaleku, Nasarawa State, Nigeria. The schools were selected for logistical reasons because of their proximity (within 25 km) to the study laboratory facilities in the state capital, Lafia. The Nasarawa State primary school program authorized inclusion of the schools in the study. Both schools were located within rural agrarian communities and most children lived within a 3-km radius of their respective school. Universal basic education is provided free to all children in Nasarawa State; however, school drop-out and absenteeism rates are high. Malaria prevalence in the region is high and there is widespread prevalence of hookworm infections. The region is characterized by 2 distinct seasons: a dry season from November to April and a rainy season from May to October. Most households cultivate their land beginning in January and harvest from July to September. Major crops include maize, rice, sorghum, millet, cowpea, and cassava. Food consumption patterns vary greatly by season; however, a typical diet consists of cassava mixed with vegetables and sauce or stew, occasionally served with small portions of meat and fish.
Participants in the study were apparently healthy male and female children attending the respective schools who met the following criteria: 5-13 y old, hemoglobin $ 70 g/L, and willingness to participate. Rosters were obtained from both schools and, using a stratified sampling scheme, children were randomly assigned to groups at the individual level proportionate to the number of male and female students in each school and class level. Per school policy, all children were given a single 200-mg dose of the anthelmintic drug Albendazole 1 wk prior to the baseline blood draw and 1 mo prior to the final blood draw. Children were enrolled in the study only after a parent or legal guardian provided consent. Children with hemoglobin concentrations ,70 g/L or presenting signs of acute illness at the time of enrollment were referred to local health facilities for treatment. The study protocol was approved by the Institutional Review Board at Cornell University and the Nigerian Institute of Medical Research.
Intervention. The study was designed as a double-blind, placebocontrolled, school-based trial. Children received a single daily serving of a multi-micronutrient beverage or a placebo beverage 5 d/wk for 6 mo. Fasting venous blood samples were drawn 1 wk prior to and again 6 mo after initiation of the intervention.
The study beverages were produced using ultra high temperature processing methods and were packaged in 250-mL, single-serving, aseptic containers. The beverages were isoenergetic and were composed of a proprietary blend of precooked maize and soy protein isolate, providing 689 kJ energy, 4.1 g fat, and 5.2 g protein/serving. The multimicronutrient beverage contained additional vitamins, minerals, and bioflavonoids, including 1 mg retinol equivalents vitamin A (as retinol palmitate), 14 mg iron (1.5:1 ratio as ferrous bisglycinate chelate:ferrous sulfate), and 15 mg zinc (1:1 ratio zinc glycinate chelate:zinc oxide) ( Table 1 ). The rationale for fortifying the beverage with multiple micronutrients was to develop a product that could address micronutrient deficiencies of multiple etiologies in a scaled-up school-feeding program.
It was originally decided to use iron and zinc chelates because of their high bioavailability (22) (23) (24) (25) (26) ; however, to minimize costs, less expensive forms of iron and zinc were combined with the chelates. The beverages were analyzed prior to distribution by an independent laboratory to confirm vitamin A, iron, and zinc concentrations. Products were masked for taste, color, aroma, texture, and packaging and were labeled with unique product codes, which were maintained by the manufacturer until after the data were analyzed. Acceptability was tested prior to the intervention among a subset of children not participating in the study; results indicated that both products were highly acceptable (data not shown). The study beverages were provided to children during school hours and were consumed, under the direct supervision of the respective class teachers, without other foods or beverages. Children were instructed to open their drinks at the same time and to avoid sharing with others. All teachers were instructed to record daily consumption of the beverages and field workers and supervisors from the Nasarawa school feeding program made daily school visits to monitor the recording forms.
Data collection techniques. At baseline, fieldworkers interviewed the child's primary caregiver to collect data on socio-demographic characteristics and self-reported morbidity during the preceding 2 wk. All interviews were conducted in the local language of the household using questionnaires with standardized definitions for the following illnesses: diarrhea, malaria, upper respiratory infection, and vomiting. To facilitate data collection, local volunteers from within the respective communities were recruited to accompany fieldworkers to households. Trained fieldworkers collected anthropometric measurements at the school site at baseline and the end of the study. Weight and height were measured to within 0.5 kg and 0.5 cm, respectively, with mechanical column scales with integrated height measuring rods (model 755; Seca). Scales were calibrated before each weighing session.
Clinical protocol and laboratory analyses. Blood samples were collected by certified phlebotomists at baseline and at the end of the intervention period. Dedicated blood collection areas were set up at each school site and children were instructed to arrive for blood draws following an overnight fast. To standardize blood collection protocols, children were asked to sit in a comfortable position for 10-20 min, following which 5 mL blood was drawn from the antecubital vein using trace element-free blood collection tubes (model 368381; BD). Collection, handling, and coding of blood samples were checked routinely throughout the study. Hemoglobin concentrations were measured in the field using a HemoCue photometer (model 201+; Hemocue). Whole blood samples were stored away from light in thermo coolers over ice and were transported to the laboratory in Lafia within 2 h from the time of blood draw. Samples were centrifuged at room temperature (10 min, 1140 3 g) immediately upon arrival to the laboratory. The separated serum was transferred into prelabeled, 3-mL cryovials and stored at 2178C. Serum samples were shipped by air over dry ice to the Faculty of Health Sciences at Stellenbosch University, South Africa, and were stored at 2208C until the time of analysis. Samples from the same child were analyzed sequentially during a single analytical run together with internal pooled serum controls and appropriate external controls. Serum vitamin A concentrations (inter-run CV = 3.6%) were measured using reverse-phase HPLC (Spectra Series P100 with UV150 absorbance detector; Thermo Separation Products). Serum C-reactive protein (CRP) concentrations (inter-run CV = 3.9%) and serum ferritin concentrations (inter-run CV = 4.3%) were measured using nephelometry (BN ProSpec; Dade Behring). Serum zinc concentrations (inter-run CV = 2.0%) were measured using atomic absorption spectrophotometry (SP9 AASpectrophotometer; Pye Unicam).
Anthropometric and biochemical reference values. We defined low BMI, stunting, and underweight as values , 22 SD in relation to the WHO 2007 reference values for children and adolescents 5-19 y old (27) for BMI-for-age (BAZ) 9 , height-for-age (HAZ), and weight-for-age (WAZ). Asymptomatic children with CRP concentrations .5 mg/L were classified as having subclinical inflammation (28, 29) . Anemia was defined as a hemoglobin concentration ,115 g/L for children ,12 y and ,120 g/L for those $2 y (30). Children with iron deficiency were defined as having serum ferritin concentrations ,15 mmol/L and children with iron deficiency anemia (IDA) were defined as having both anemia and low serum ferritin concentrations (30) . Low serum concentrations of retinol and zinc were defined as ,0.7 mmol/L (20 mg/dL) (31) and ,9.9 mmol/L (65 mg/dL), respectively (12) .
Sample size and statistical analysis. The primary outcome variables of the study were the change from baseline in the prevalence of anemia and changes in serum concentrations of ferritin, retinol, and zinc. Secondary outcome variables were changes in anthropometric indices and morbidity prevalence. No preexisting data were available in this population of primary school children in Nasarawa State, Nigeria; therefore, the prevalence of anemia was estimated to be 50% and a sample size of 227 children/group was determined to be sufficient to detect a minimum 25% relative reduction in the prevalence of anemia, with 80% power and a = 0.05. To allow for ;25% attrition during the intervention, we planned to enroll 280 children/group. For baseline characteristics, Student's t test was used to examine group-wise differences in means, Pearson chi-square test was used to examine differences in proportions, and the Mann-Whitney U test was used to compare medians. ANCOVA (univariate general linear model) was used to compare mean changes in anthropometric, hematologic, and biochemical variables from baseline to postintervention, controlling for the baseline value of the respective outcome variable, the presence of subclinical inflammation at end line (hematologic and biochemical models only), age at baseline, gender, and school site. For the baseline hematological and biochemical variables, the respective values were first adjusted for subclinical inflammation using the b-coefficient from a linear regression model with CRP . 5 mg/L (bivariate yes/no) as the independent variable. We assessed all interactions of the foregoing variables with treatment group for significance and nonsignificant variables were removed using a stepwise procedure until only significant variables remained in the model. For the serum ferritin analysis, a natural log transformation was performed to normalize the distributions. Binary logistic regression was used to determine the effects of the intervention on the prevalence of morbidity, anemia, and micronutrient deficiencies. The logistic regression models were conducted using the same step-wise procedures and covariates as those used in the ANCOVA models. No logistic regression models were run for IDA, because of the small numbers of children with IDA in both groups. The level of significance for all tests was P , 0.05. All statistical analyses were performed using SPSS software (version 18; SPSS Institute).
Results
Study profile. At baseline, 566 children completed all screening protocols and were randomized into groups (micronutrient: n = 288; control: n = 278). At the end of the intervention, 32 children (6%) were lost to follow-up due to relocation or withdrawal from school. Thus, a total of 534 children completed the study (micronutrient = 270; control = 264) (Supplemental Fig. 1 ). For financial reasons, biochemical analyses for ferritin, CRP, retinol, and zinc were completed for only those children with both baseline and postintervention measurements; however, there were no differences in the baseline hemoglobin concentrations or anthropometric indices of children who completed or dropped out of the study (data not shown).
Baseline characteristics. All children with baseline hematologic data were included in the analyses to compare baseline characteristics by treatment group ( Table 2) . There were no socio-demographic differences between groups at baseline, except for a lower proportion of children in the micronutrient group (88%) compared to the control group (95%) living in homes where the primary construction material was mud (P = 0.002). The baseline values of the outcome variables were not significantly related to housing type. There were no group-wise differences at baseline for self-reported morbidity, anthropo- Pearson chi-square test for proportions; Mann-Whitney U test for medians. *Different from control, P , 0.05. 2 Micronutrient, n = 145; control, n = 139. 3 Micronutrient, n = 261-278; control, n = 253-278. 4 Anemia defined as: hemoglobin concentration ,115 and ,120 g/L for children ,12 and $12 y old, respectively. IDA defined as anemia and serum ferritin ,15 mg/L. 5 To convert serum retinol to mg/dL, divide by 0.0349. 6 To convert serum zinc to mg/dL, divide by 0.153. metric indices, or hematologic and biochemical indicators of nutritional status. The children's mean height and weight at baseline were 131 cm and 28 kg, respectively, and 9% of children were classified as having low BAZ, 29% were classified as stunted, and 17% were classified as underweight.
The groups did not differ at baseline for hemoglobin or serum concentrations of ferritin, retinol, or zinc. Overall, the mean hemoglobin concentration for the study population was 119 g/L and 36% of children were anemic. The median (25th, 75th percentile) ferritin concentration was 36.0 (22.0, 55.8) mg/L, 12% of children had low serum ferritin concentrations, and 5% of children had IDA. The mean serum retinol concentration was 0.97 mmol/L and 16% of children had low serum retinol levels. The mean serum zinc concentration was 10.3 mmol/L and 43% of children had low serum zinc levels.
Approximately 13% of children presented signs of subclinical inflammation at baseline. Children with elevated CRP concentrations at the time of the baseline blood draw had lower hemoglobin (P , 0.001) and serum retinol concentrations (P , 0.001) and greater serum ferritin concentrations (P , 0.001) ( Table 3) . Baseline serum zinc concentrations did not differ among children with normal or elevated CRP.
Compliance. Daily compliance was defined as being present at school and consuming the full contents of the day's assignment of the beverage during school hours. The intervention was interrupted by a 2-wk school holiday (wk 12 and 13), during which time beverages were not distributed. Excluding the break, the overall compliance for children who completed the study was 80%; however, compliance was slightly greater in the micronutrient group (81%) compared to the control group (79%) (P = 0.008). The primary reason for noncompliance was due to absence from school. There were no significant relationships between study compliance and the respective outcome variables (data not shown).
Hematologic and biochemical changes. The adjusted mean changes were greater in the micronutrient group compared to the control group for serum retinol (P = 0.016) and serum zinc (P = 0.031) ( Table 4) . At the end of the intervention, hemoglobin and serum ferritin concentrations increased in both groups; however, the changes did not differ between the groups.
The proportions of children with low serum retinol and zinc concentrations decreased in the micronutrient group but not in the control group, resulting in differences between the groups (P # 0.018). After the 6-mo intervention, children in the micronutrient group were 53% less likely to have low serum retinol [OR (95% CI) = 0.47 (0.27 -0.81)] and 36% less likely to have low serum zinc [OR (95% CI) = 0.64 (0.44 -0.93)] ( Table 5) . The proportion of children with anemia, iron deficiency, and IDA decreased in both study groups from baseline to postintervention; however, there were no significant differences in the likelihood of deficiency in either group.
Anthropometry and morbidity. There were no significant differences in weight gain, linear growth, or change in anthropometric indices during the 6-mo intervention period (data not shown). Overall, children gained 2.6 kg in body weight and 3.9 cm in height. There were no significant differences between groups in the self-reported prevalence of diarrhea, malaria, or upper respiratory infection (data not shown); however, the prevalence of vomiting was 7% greater at the end of the intervention among children in the micronutrient group (21%) than in the control group (14%) (P = 0.06). At the end of the intervention, the prevalence of children with elevated CRP concentrations did not differ between groups (data not shown) and did not differ significantly from baseline (13% at baseline vs. 11% at 6 mo).
Discussion
Results from the present intervention show that serum retinol and zinc concentrations were significantly greater among children who received the multi-micronutrient beverage. Moreover, after 6 mo, the prevalence of vitamin A and zinc deficiencies were significantly lower in the micronutrient group, which was also associated with significant decreases in the likelihood of deficiency in these micronutrients.
The lack of an intervention effect on linear growth is consistent with most (32-37) but not all (38) previously conducted multimicronutrient trials in schoolchildren. It is arguable that the 6-mo intervention may have been too short to demonstrate positive effects on linear growth. However, a more likely explanation may be attributable to the age range of the study population.
The intervention did not significantly affect hemoglobin or serum ferritin concentrations after 6 mo. These results were somewhat surprising given that hemoglobin and serum ferritin generally respond well to iron interventions (39) . One possible 1 Values unadjusted mean 6 SD or geometric mean (95% CI). Means compared by Student's t test. *Different from elevated, P , 0.05. 2 To convert serum retinol to mg/dL, divide by 0.0349. 3 To convert serum zinc to mg/dL, divide by 0.153. were on average 20% higher at the end of the intervention in both groups. 3 To convert serum retinol to mg/dL, divide by 0.0349. 4 To convert serum zinc to mg/dL, divide by 0.153.
Multi-micronutrient beverage in Nigerian children 1569 explanation could be that one or more of the micronutrients in the beverage may have interfered with iron absorption (40, 41) . Another explanation could be that the effects of subclinical infection were not completely controlled for in the analyses (29, 42) , thereby making the results difficult to interpret. In a recently completed meta-analysis, the authors concluded that in order to remove the effects of subclinical inflammation on serum ferritin, it is necessary to control for both CRP and a 1 -acid glycoprotein (AGP) (29) . Moreover, in certain populations, particularly children, elevated AGP is more common (29) . Finally, the comparable increases in hemoglobin and serum ferritin concentrations in both groups may be attributable to the fact that all children received the anthelmintic treatments 1 mo prior to the postintervention blood draw (43) (44) (45) . It is also possible that changes in dietary patterns may have contributed in part to improved hemoglobin and ferritin status, because the baseline blood draw was collected during a period when food is typically scarcer, whereas the postintervention blood draw was collected during the harvest season. Additional research is needed to better understand these mechanisms in this population. Consumption of the multi-micronutrient beverage was associated with a higher prevalence of self-reported vomiting. For logistical reasons, morbidity was assessed only at baseline and postintervention; however, based on school attendance records, there was no indication during the intervention that consumption of either beverage was associated with lower school attendance. Moreover, there was no evidence to suggest that consumption of the multi-micronutrient beverage was associated with a greater risk of subclinical inflammation at the end of the intervention. We considered the possibility that the increased prevalence of vomiting could be attributable to malaria; however, when we controlled for self-reported malaria in a logistic regression model, the difference between groups remained significant (P = 0.028). Thus, it may be the case that one or more of the micronutrients in the beverage was the cause of increased vomiting in the micronutrient group. Further research is needed to determine whether this may be attributable to the multi-micronutrient formulation and/or the micronutrient levels.
The strengths of the present study included its doubleblinded, randomized design and the direct monitoring of the supplement consumption. The characteristics between treatment groups were similar at baseline and there were no differences in baseline characteristics among the 6% of children who dropped out of the study. Limitations of the study were that clinical assessments were not made for parasitic infections or morbidity, and AGP was not measured; these data may have further clarified the findings. Despite these limitations, the significant differences in outcome variables between treatment groups were likely due to the treatments themselves.
Our findings add to existing knowledge on the efficacy of multi-micronutrient interventions in schoolchildren. The choice of intervention strategy depends on the types and severities of micronutrient deficiencies in the target population as well as the financial and technological resources needed to sustain the intervention program (12) . We identified 8 similar interventions conducted among schoolchildren, all of which found a positive impact on micronutrient status. Four interventions assessed a multi-micronutrient powder, which was added to beverages at the school site (32, 33, 36, 38) , 2 interventions assessed multimicronutrient powders added to school lunches (35,37), 1 intervention assessed multi-micronutrient fortified biscuits (34) , and a final intervention assessed multi-micronutrient fortified cooking salt (46) . The advantages of a ready-to-consume multimicronutrient beverage include: 1) potentially improved micronutrient absorption compared to a food matrix; 2) adding micronutrients prior to distribution vs. on site minimizes errors in dosing; 3) packaged beverages are a hygienic source of fluids; and 4) the beverages have a long shelf life. The main disadvantage may be higher program implementation costs associated with production, transport, storage, and disposal. Therefore, the cost effectiveness of the present intervention needs to be evaluated and compared with alternative strategies to deliver micronutrients to schoolchildren.
In summary, we found positive effects of the multi-micronutrient beverage on serum retinol and zinc concentrations but no evidence of effects on hemoglobin or iron status. Further research is needed to determine the cost effectiveness of the present intervention and the efficacy of the multi-micronutrient beverage on anemia and iron status. Finally, although it is possible that the present intervention may be scaled-up and generalized to other school-aged populations in Nigeria, considerations should be made for adjusting the micronutrient formulation and levels based on the food intakes and micronutrient status in the general school-aged population. Literature Cited
